We hypothesized that a polyphenol-rich extract from Vitis vinifera L. grape skin (GSE) may exert beneficial effects on obesity and related metabolic disorders induced by a high-fat diet (HFD). C57/BL6 mice were fed a standard diet (10% fat, control, and GSE groups) or an HFD (60% fat, high fat (HF), and HF + GSE) with or without GSE (200 mg/kg/day) for 12 weeks. GSE prevented weight gain; dyslipidemia; insulin resistance; the alterations in plasma levels of leptin, adiponectin, and resistin; and the deregulation of leptin and adiponectin expression in adipose tissue. These beneficial effects of GSE may be related to a positive modulation of insulin signaling proteins (IR, pIRS, PI3K, pAKT), pAMPK/AMPK ratio, and GLUT4 expression in muscle and adipose tissue. In addition, GSE prevented the oxidative damage, evidenced by the restoration of antioxidant activity and decrease of malondialdehyde and carbonyl levels in muscle and adipose tissue. Finally, GSE showed an anti-inflammatory action, evidenced by the reduced plasma and adipose tissue inflammatory markers (TNF-α, IL-6). Our results suggest that GSE prevented the obesity and related metabolic disorders in HF-fed mice by regulating insulin sensitivity and GLUT4 expression as well as by preventing the oxidative stress and inflammation in skeletal muscle and adipose tissue.
INTRODUCTION
Obesity is defined as the abnormal or excessive accumulation of fat that can impact the individual's health (Kovesdy et al., 2016) . It is a public health problem mainly due to its association with several chronic diseases such as dyslipidemia, type 2 diabetes mellitus, hypertension, and atherosclerosis . Hormonal and eating disorders are the most common factors related to the development of obesity. The high-fat diet (HFD) and the positive energy balance result in a large stock of triacylglycerol (TG) in the adipose cells, especially in the visceral fat, leading to adipocyte hypertrophy (Buettner et al., 2007; Bays et al., 2008) . A dysfunctional (hypertrophic) adipocyte may lose its ability to store more lipids, leading to ectopic fat accumulation in other tissues such as the liver, skeletal muscle, and pancreas (Badoud et al., 2015; Lemoine et al., 2012) , contributing to the development of insulin resistance and dysfunction of hepatic and pancreatic β cells. It has been postulated that increased adiposity and glycemia in obesity are key mediators of inflammation and oxidative stress that may play a causal role in multiple forms of obesity-associated complications such as insulin resistance and type 2 diabetes (Van Greevenbroek et al., 2016; Dandona et al., 2004; Hogan et al., 2011) . Therefore, it is important to identify new strategies that can effectively address obesity-related complications such as hyperglycemia, inflammation, and oxidative stress and reduce the risk of obesityassociated diseases.
Nutraceuticals are food or part of food that provides medical or health benefits, including the prevention and/or treatment of disease (Santini and Novellino, 2017) . For example, food profile rich in bioactive components, such as phenolic compounds and fibers, plays an important role in maintaining health and reducing the risks of obesity and associated diseases and may exert a protective effect on hypercholesterolemia and weight gain (Wedick et al., 2012; Santini and Novellino, 2017) .
Grapes (Vitis vinifera L. Vitaceae) contain various phenolic compounds that have been related to many pharmacological effects including antioxidant and antiinflammatory activities, as well as hepatoprotective, and cardioprotective effects (Nassiri-Asl and Hosseinzadeh, 2016) . A recent review has summarized a variety of in vitro, in vivo, and clinical studies with V. vinifera in metabolic syndrome, showing that this plant exhibits beneficial effects on dyslipidemia, diabetes, hypertension, and obesity (Akaberi and Hosseinzadeh, 2016) . Studies carried out by our group have shown that the hydroalcoholic extract of the V. vinifera L. grape skin (GSE), rich in anthocyanidins, an important family of polyphenols, has an antihyperglycemic effect in diabetic rats (Soares de Moura et al., 2012) and protects adult offspring whose mothers were fed an HFD, against hyperlipidemia and oxidative stress (Emiliano et al., 2011) . In addition, our group also demonstrated that this extract shows antihypertensive and vasodilatory actions (Soares De Moura et al., 2002) .
Evidence from our and other research groups has shown that the C57BL/6J mice, when fed with HFD, develop alterations in phenotype and metabolic characteristics, presenting insulin resistance, obesity, dyslipidemia, and hepatic oxidative damage (Gallou-Kabani et al., 2007; Oliveira et al., 2010; Valenzuela et al., 2015; Rincón-Cervera et al., 2016) . In this way, this model is ideal for studies that intend to investigate the actions of natural extracts or compounds on obesity and associated metabolic alterations.
In this study, we investigated whether the supplementation with GSE could improve HF diet-induced obesity and related metabolic disorders in mice, such as hyperglycemia, insulin resistance, and hyperlipidemia and elucidated the underlying mechanisms. We aimed to study the effects of GSE on the regulation of muscle and adipose tissue insulin signaling pathway and glucose uptake, inflammation, and oxidative stress as potential targets of its beneficial effects.
MATERIALS AND METHODS
Polyphenol analyses. The V. vinifera L. (Vitaceae) were obtained from the south of Brazil. The analysis of the composition of GSE was performed by LC/UV/MS with an atmospheric pressure chemical ionization interface and previously reported (Resende et al., 2013) . LC/UV analysis of the dried hydroalcoholic grape skin extract was performed on a Hewlett-Packard series 1100 photodiode array detector (DAD) liquid chromatography system (Hewlett-Packard, Waldbronn, Germany). Briefly, HPLC/UV/DAD analysis was performed with a Symmetry RP-18 column (4 mm; 250 ¥ 3.9 mm i.d.; Waters, Milford, MA, USA), solvent system: (A) MeOH with 0.5% formic acid; (B) H 2 O with 0.5% formic acid; gradient mode 20% of A to 100% of A in 25 min; flow rate 1 mL/min; injection volume 10 mL; sample concentration 10 mg/mL in MeOH. DAD conditions were 210, 254, and 540 nm; UV data were recorded at 190-600 nm (step 2 nm). LC/MSn was performed directly after UV-DAD measurements. A Finningan LCQ ion trap (Finningan MAT, San Jose, CA, USA) was used with an atmospheric pressure chemical ionization interface. MSn experiments were completed by programming-dependent scan events (Resende et al., 2013) .
Animals and diet. All procedures were carried out in accordance with conventional guidelines for experimentation with animals (NIH publication no 85-23, revised 1996) and the Ethics Committee for Experimental Animals Use and Care of the Institute of Biology/Rio de Janeiro State University (protocol: CEUA/044/2014). Male mice of the C57BL/6 strain (n = 46) were obtained from the facilities of the Rio de Janeiro State University at 4 weeks of age. After 1 week of adaptation and at 5 weeks of age, the animals were housed in individual cages in a controlled environment room, with light/dark cycle conditions (12-h light/12-h dark, lights on at 6 PM) and ambient temperature at 23 ± 2°C. The animals received diet and water ad libitum. The mice were randomly divided into four groups: The control groups (n = 10) were fed a standard diet (10% energy from lipids, 76% from carbohydrate, and 14% from protein; total 3.8 kcal/g) and received water (control group) or GSE by gavage (GSE group, 200 mg/kg/day). Two other groups (n = 13) were fed an HF diet (60% energy from lipids, 26% from carbohydrate, and 14% from protein; total 5.4 kcal/g) and received water (HF group) or GSE (HF + GSE group) for 12 weeks. The dose of GSE was based on previous studies that showed significant changes in programming MS (Resende et al., 2013) . The chronic treatment (12 weeks) with GSE was based on the period of time necessary to induce the metabolic alterations in the C57BL/6 mice fed an HFD (Ozturk and Kadayifci, 2014) . The diets were elaborated by Rhoster (São Paulo, Brazil) in accordance with the standard recommendations for rodents in the maintenance state of the American Institute of Nutrition (AIN-93M; Reeves et al., 1993) .
Food consumption and body weight measurements. The food consumption of the mice was monitored every 2 days and estimated by subtracting the amount of food left on the grid and amount of spilled food from the initial weight of food supplied. Energy intakes were calculated on the basis of 3.8 kcal/g for the control diet and 5.4 kcal/g for the HF. Body weight was measured weekly and expressed as the initial weight before treatment and week 12 weight at the end of treatment.
Plasma assays. After 12 weeks of treatment and at 17 weeks of age, the animals were fasted for 6 h, and blood samples were then collected by cardiac puncture in anesthetized (thiopental sodium, 30 mg/kg i.p.) and heparinized (5000 UL/kg) animals. Glycemia was determined with a glucometer (Accu-Chek Active; Roche, Mannheim, Germany), and insulin concentrations were determined by using Insulin 125I radioimmunoassay (RIA) Kit (MP Biomedicals, LLC-Orangeburg, NY, USA).
The plasma levels of total cholesterol (TC), lowdensity lipoprotein (LDL), very LDL (VLDL), and TG were determined by a colorimetric assay (Bioclin, Belo Horizonte, Brazil). The insulin resistance, homeostasis model assessment of insulin resistance (HOMA-IR), was assessed according to the formula: fasting insulin (mUI/mL) × fasting glucose (mmol/L)/22.5.
Glycated hemoglobin (HbA1C) was measured by a commercial kit of Roche ® (MS 80115310145) by the immunoturbidimetry technique. The determination of HbA1C is based on the turbidimetric inhibition immunoassay of hemolyzed whole blood, performed on the A25 automatic analyzer from BioSystems.
Concentrations of interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) in plasma were determined by an enzyme-linked immunosorbent assay, using a suitable commercial kit (PeproTech ® , Rocky Hill, USA).
The plasma concentrations of leptin, adiponectin, and resistin were evaluated by the enzyme-linked immunosorbent assay technique by using a commercial kit Boster Biological Engineering Co, Ltd (Wuhan, China) according to the instructions described by the manufacturer.
Morphological analyses of adipose tissue. The epididymal and retroperitoneal fat mass were removed from animals and weighted. Fragments of the epididymal fat of each animal were frozen at À80°C for further biochemical analysis. Samples of epididymal adipose tissue were fixed in 10% formalin (Millonig formalin) buffered for 24 h and transferred to a 70% alcohol preparation and suspended in 10% buffered formalin. Subsequently, the samples were fixed in paraffin, sectioned in a microtome (5 μm thick) and mounted on slides that were stained with hematoxylin-eosin, and ten images of each slide were performed on an Olympus DP71 camera and with an Olympus BX60 fluorescence microscope (Olympus, Tokyo, Japan). The analyses were performed on the IMAGE-PRO PLUS version 7.0 (Media Cybernetics, Silver Spring, MD, USA).
The area of adipocytes was quantified at 100 cells per slide by using the IMAGE J® program (NIH, Bethesda, MD, USA). The area of the adipocytes was expressed as μm 2 × 10 2 , and the diameter of the adipose cells was analyzed in IMAGE-PRO PLUS version 7.0 software, using 5 images per animal (n = 5).
Western blot analyses in adipose tissue and muscle. The total epididymal adipose tissue and gastrocnemius muscle proteins (240 mg each) were extracted in a homogenizing buffer with protease inhibitors. After the tissue protein content was detected, the homogenates were centrifuged at 3200g for 20 min at 4°C, and the supernatants were collected. Equal quantities of total protein were suspended in sodium dodecyl sulfate-containing sample buffer, heated for 5 min at 100°C, and separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis.
After electrophoresis, aliquots (20 μg) of the proteins were electroblotted on to polyvinylidene difluoride transfer membranes (Hybond-P; GE Healthcare) and visualized with Ponceau solution staining. The membrane was blocked with phosphate buffer solution plus Tween 10 (0.1%) and albumin (2%) and incubated overnight with the following antibodies: rabbit polyclonal immunoglobulin G raised against the insulin receptor (IR), phosphorylated IR substrate-1 (p-IRS-1), phosphatidylinositol 3-kinase (PI3K), phosphorylated Akt serine/threonine kinase 1 (pAkt), glucose transporter 4 (GLUT4), adenosine-monophosphate-activated protein kinase (AMPK) and phosphorylated adenosine-monophosphate activated protein kinase (pAMPK), leptin, adiponectin, IL-6, and TNF-α (1:1.000, Santa Cruz Biotechnology, Santa Cruz, CA, USA). β-Actin served as a loading control for cytosolic proteins. Following the incubation with the primary antibody, the membranes were washed and incubated with an anti-rabbit IgG secondary antibody. Protein expression was detected by using an enhanced chemiluminescence advanced Western blotting detection kit (GE Healthcare Bio-Sciences Uppsala, SE). The signals were visualized by ChemiDoc Resolutions System (BioRad, Hercules, CA, USA) and determined by quantitative analysis of digital images of gels by using IMAGE-PRO PLUS version 7.0 (Media Cybernetics).
Determination of oxidative damage. The lipid membrane damage was determined by the formation of products of lipid peroxidation (malondialdehyde, MDA) in plasma, and epidydimal adipose tissue and gastrocnemius muscle homogenates, using the thiobarbituric acid reactive substance method, as previously described (Draper et al., 1993) . Briefly, the samples were mixed with 1 mL of 10% trichloroacetic acid and 1 mL of 0.67% thiobarbituric acid. They were then heated in a boiling water bath for 30 min. The absorbance of the organic phase containing the pink chromogen was measured spectrophotometrically at 532 nm. MDA equivalents were expressed in nanomoles per milligram protein. Oxidative damage to proteins was evaluated by quantifying protein carbonylation in epidydimal adipose tissue and gastrocnemius muscle homogenates. Protein carbonylation was determined from the formation of carbonyl group by reaction with 2,4-dinitrophenylhydrazine according to the method described by Levine et al. (1990) .
Determination of antioxidant enzyme activity. Superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) activities were assayed in plasma, epididymal adipose tissue, and gastrocnemius muscle homogenates of mice. SOD activity was determined by measuring the inhibition of adrenaline auto-oxidation as absorbance at 480 nm (Bannister and Calabrese, 1987) . CAT activity was measured in terms of the rate of decrease in hydrogen peroxide at 240 nm (Aebi, 1984) . GPx activity was determined by monitoring the oxidation of NADPH at 340 nm in the presence of hydrogen peroxide (Flohe and Gunzler, 1984) .
Statistical analysis.
Values are expressed as the means ± standard error of the mean. All results were analyzed by using one-way analysis of variance to compare differences between various experimental groups, with the Bonferroni post-hoc test. The level of 0.05 was considered statistically significant.
RESULTS

Preparation of the grape skin extract
The dried and powdered skin fruits were extracted in an aqueous solution at 100°C with occasional shaking for about 120 min. After concentration under vacuum, the aqueous extract was introduced into an ion-exchange resin column (cationic) and washed sequentially with ethanol, ethanol/H 2 O (1:1), and H 2 O. The ethanolic and hydroalcoholic fractions were placed together and evaporated under vacuum at 60°C, followed by spray drying of the concentrated solution (the inlet temperature of 190°C and the outlet temperature of 85°C). The fine powder (GSE) obtained in the process was soluble in H 2 O, with about 30% of total polyphenols according to the FolinCiocalteau procedure (Singleton and Rossi, 1965) .
Polyphenol analyses
High-performance liquid chromatography (HPLC) analysis of the dried hydroalcoholic GSE involved dissolving 10 mg of the extract in 1 mL of methanol/H 2 O (1:1) with 0.5% formic acid (HPLC quality). All compounds showed the same UV spectra in the LC/UV/DAD analysis that are characteristic of anthocyanidins. The compounds were identified as peonidin-3-O-glucoside, petunidin-3-O-glucoside, malvidin-3-O-glucoside, and malvidin-3-(6-O-trans-pcoumaryl)-5-O-diglucoside. This composition of GSE was confirmed by comparison of retention time and UV and MS data in the LC/UV/MS analysis by using commercially available standards.
Effect of GSE on food intake, tissue weight, and body weight gain
There was no significant difference in the amount of food consumed (grams) and energy and protein intake among the groups throughout the experiment (Table 1) . Because of the profile of the HF and standardized diets offered to the animals, the HF group and the HF + GSE had higher lipid intake and lower carbohydrate intake when compared with C and GSE groups ( Table 1 ). The body weight of the animals from the 4 groups was similar at the beginning of the study and during the first 30 days (Fig. 1) . Thereafter, the body weight of the HF group was greater (p ≤ 0.05) than the other groups until the end of the study period (Fig. 1) . The GSE prevented (p ≤ 0.05) the body weight gain in the HF + GSE group compared with the HF group, indicating a protective effect of GSE against obesity (Fig. 1) . The retroperitoneal and epididymal adipose tissue weights were higher in mice fed with HFD (p ≤ 0.05, n = 13) than in mice from control and GSE groups ( Table 1 ). The increase of adipocyte area and diameter in HF group was prevented by GSE ( Fig. 2a and  b) . These changes can be observed in the representative images of histological sections of epididymal adipose tissue (Fig. 2c) . Muscle weight was higher in mice from HF group than in control mice and was similar to the HF + GSE group (p ≤ 0.05, Table 1 ). 20.9 ± 2.1 20.4 ± 1.9 22.3 ± 2.1 22.8 ± 1.8 Protein intake (kcal) 3.3 ± 0.15 3.2 ± 0.11 3.8 ± 0.13 3.9 ± 0.18 Fat intake (kcal) 5.2 ± 0.2 5.1 ± 0,3 8.9 ± 0.2* 9.1 ± 0,2* Carbohydrate (kcal)
12.3 ± 0.9 12.0 ± 0.9 9.6 ± 0.6* 9.8 ± 0. 
#
Effect of GSE on glycemia, insulin levels, and plasma lipids High-fat diet-fed mice developed hyperglycemia (p ≤ 0.05, n = 10-13), whereas control and GSE groups remained normoglycemic until the end of the experimental protocol (Table 2 ). The increase in insulin levels and HOMA-IR index in HFD-fed mice (p ≤ 0.05, n = 10-13) was reduced in HF + GSE, but it remained higher than the control and GSE groups ( Table 2) . The HbA1C plasma levels were increased in the HF group compared with controls (p ≤ 0.05) and were significantly (p ≤ 0.05) reduced by GSE (Table 2) .
The plasma levels of TC, LDL, VLDL, and TG were higher (p ≤ 0.05, n = 13) in the HF than the control group at the end of the study period (Table 2) . GSE significantly reduced the lipid profile in the HF + GSE (p ≤ 0.05) compared with the HF group (Table 2). in control, GSE, HF, and HF + GSE groups (c). Sections were stained with hematoxylin and eosin, and each photomicrograph is shown at the same magnification. The usual adipocyte appearance in the control group was not changed by GSE; adipocyte area and diameter in the HF group were reduced in the HF + GSE group. Values are presented as means ± SEM, n = 6 for all groups. 
Effect of GSE on the expression of IR, p-IRS-1, PI3K, pAkt, AMPK, and GLUT-4 in muscle and adipose tissue
To assess the molecular mechanisms involved in the improvement of insulin sensitivity by GSE, the expression of insulin cascade proteins was assessed in the muscle and adipose tissue of the different groups.
In the skeletal muscle, the decrease of IR protein expression induced by HFD (p ≤ 0.05) was prevented by GSE treatment (Fig. 3a) . In contrast, the expression of p-IRS was not altered in the HF group (p ≤ 0.05) compared with the control groups (Fig. 3b) , but the treatment with GSE (HF + GSE) increased the expression of pIRS (p ≤ 0.05). The PI3K and p-AKT expressions were increased in the HF group (p ≤ 0.05), compared with the control group ( Fig. 3c and d) , and the treatment with GSE (HF + GSE) decreased the PI3K expression but increased that of p-AKT ( Fig. 3c and d) . The content of GLUT-4 was reduced in the HF group compared with the control (p ≤ 0.05), but this change was prevented (p ≤ 0.05) by treatment with GSE (HF + GSE) (Fig. 3f) . The decrease of pAMPK/AMPK ratio in the skeletal muscle of the HF group (p ≤ 0.05) was not observed in the HFD fed mice treated with GSE (Fig. 3e) .
In the adipose tissue, the expressions of IR, p-IRS-1, PI3K, pAkt, and GLUT-4 were reduced (p ≤ 0.05) in the HF group when compared with the control group (Fig. 4a-e) . GSE significantly increased (p ≤ 0.05) the protein expressions in the HF + GSE compared with the HF group (Fig. 4a-e) .
Effect of GSE on the expression of adipokines in adipose tissue and plasma
Western blotting analysis showed increased adipose tissue expression (p ≤ 0.05) of the inflammatory markers TNF-α and IL-6 (Fig. 5c and d) , and increased plasma levels of TNF-α and IL-6 (p ≤ 0.05, Fig. 5a and b) were observed in HF compared with the control and GSE groups. Treatment with GSE prevented these changes in HF + GSE (p ≤ 0.05).
Plasma levels of leptin and resistin ( Fig. 6b and c, respectively) were significantly (p ≤ 0.05) higher, whereas adiponectin levels (Fig. 6a) were lower in the HF group than in the control and GSE groups. Treatment with GSE prevented the increase of leptin and resistin in the HF + GSE group (p ≤ 0.05) and partially prevented the reduction of adiponectin in this group.
In agreement with plasma level data, adiponectin expression in adipose tissue (Fig. 6d) was lower in HF than in the control and GSE groups. The treatment with GSE increased the adiponectin expression in the HF + GSE (p ≤ 0.05), but it remained smaller than the control and GSE groups (p ≤ 0.05). In line with the plasma levels of leptin, the expression of this adipokine (Fig. 6e) in the adipose tissue of the HF animals was elevated (p ≤ 0.05) in relation to the control and GSE groups, which was prevented by GSE treatment.
Effect of GSE on oxidative damage and antioxidant activity in plasma, adipose tissue, and muscle Oxidative damage, as measured by MDA and carbonyl protein levels, was estimated in adipose tissue, muscle, and plasma from the different groups (Table 3) . MDA and carbonyl protein levels were significantly elevated in both tissues from the HF group (p ≤ 0.05, n = 13) compared with the control and GSE groups. Treatment with GSE prevented (p ≤ 0.05) MDA and carbonyl protein levels in HF + GSE compared with the HF group in both tissues and plasma.
The antioxidant enzyme activities (SOD, CAT, and GPx) were reduced (p ≤ 0.05) in plasma, adipose tissue, and muscle of the HF group (Table 3) , as compared with the control and GSE groups. This reduction was prevented by treatment with GSE (p ≤ 0.05).
DISCUSSION
Obesity is progressively increasing, and its consequences can induce immutable health risks . Therefore, experimental studies are being developed with the purpose of finding agents that can prevent increases in body weight as well as its disorders. Healthy eating should be balanced in macronutrients and micronutrients, and healthy habits should be followed for the prevention of chronic diseases. In this context, it is stated that diet quality has more influence on body weight than the caloric intake (Melanson et al., 2009; Storlien et al., 1996) .
Our findings support this statement because the animals of the HF group presented greater weight gain than control animals at the end of the experimental period, even consuming equal amounts of calories, suggesting that the imbalance in the quantity and quality of ingested lipids induce the increase of body weight. The overweight in HF-fed mice was correlated with an increase in the visceral fat, as well as adipocyte area and diameter. Our findings corroborate an earlier study in the same experimental model (Park et al., 2008) , which showed an increase in the body weight and visceral fat mass in animals that received an HFD. These authors showed that the concomitant administration of a grape seed extract prevented the fat accumulation. In the present study, we found that GSE, rich in polyphenols, prevented the increase in body weight gain induced by the HFD correlating with the reduction of adipocyte area and diameter and deposition of visceral fat.
It is well known that obesity associated with insulin resistance promotes changes in serum lipids. The lack of uptake or inadequate uptake of glucose leads to the oxidation of lipids present in adipose tissue (Mottillo et al., 2010 , Grundy, 2007 ). In the current study, an alteration in lipid profile was observed in mice fed an HFD, which is in line with previous studies in the same experimental model (Oliveira et al., 2010; Gallou-Kabani et al., 2007) . GSE decreased the levels of TC, LDL, TG, and VLDL in HF + GSE when compared with the HF group. These findings demonstrate that GSE has a positive effect on the altered lipid profile, as previously described in adult offspring whose mother fed an HFD during pregnancy (Emiliano et al., 2011) , suggesting a lipid lowering action to the extract. The underlying mechanisms of this beneficial effect may involve the increase in insulin sensitivity, antioxidant, and antiinflammatory effects of GSE because it has been reported that the hypolipidemic effect of grape polyphenols is related to the improvement of insulin resistance and its antioxidant effect, which prevents the oxidation of cell membrane lipids (Bagchi et al., 2003) . In addition, polyphenols prevent inflammation of the adipocyte, which may contribute to the improvement of lipid metabolism alterations (Jeon et al., 2012) .
The excessive adipose mass may alter glucose absorption capacity in tissue, thus contributing to hyperglycemia and hyperinsulinemia (Castro et al., 2014) . Our results support this hypothesis because HFD-fed mice with an altered lipid profile showed hyperglycemia, increase in HbA1C, and fasting insulin correlated with increased HOMA-IR. Additionally, insulin resistance was associated with impaired insulin-stimulated adipose tissue proteins (pIRS-1, PI3-K, and pAKT), as well as decreased muscle and adipose tissue GLUT4 expression. GSE prevented the increase of fasting glycemia and insulin resistance by activating the insulin signaling cascade in skeletal muscle, which corroborates the hypoglycemic effect of the extract previously described by our group in alloxan-induced diabetic mice (Soares de Moura et al., 2012) . Furthermore, the present study is the first to demonstrate an antihyperglycemic and antihyperinsulinemic actions, associated with a marked improvement of adipose insulin sensitivity of an extract obtained from vinifera grape skin in a model of HFDinduced obesity in mice.
It has also been reported that AMPK may play a role in the uptake of glucose into skeletal muscle cells, by activating GLUT4 translocation, independent of IR activation (Funai and Cartee, 2008) . In addition, a potential role of adiponectin on AMPK and insulin action has been reported in skeletal muscle of individuals with common metabolic disorders (Yoon et al., 2006) . Indeed, recent studies in C57BL6 mice fed with HFD (Yen et al., 2017) have demonstrated a decreased GLUT4 expression and uptake of glucose in Table 3 . Effects of HF diet and GSE on oxidative damage and antioxidant activity in mice Values are presented as means ± SEM (n = 10 for C and GSE groups; n = 13 for HF and HF + GSE groups). P: plasma; A: adipose tissue; M: muscle. *Significantly different from the control group (p ≤ 0.05, ANOVA).
the muscle that was mainly attributed to a reduced activity of AMPK. In the present study, we found that the HF group had lower pAMPK/AMPK ratio than the control group in the skeletal muscle, associated with reduced plasma levels of adiponectin, suggesting a role for AMPK and adiponectin in the reduced expression of GLUT4 in obese mice. GSE prevented the decreased expression of some proteins involved in the insulin signaling cascade and contributed to the improvement of GLUT4 expression in both adipose and muscle tissue. Treatment of the HF group with GSE also prevented the decrease in pAMPK/AMPK ratio in muscle and in plasma levels of adiponectin, which corroborates previous studies with GSE in experimental models of diabetes and obesity (Crescenti et al., 2015; Eid et al., 2014; Meeprom et al., 2011) . Taken together, our findings suggest that GSE may improve glucose uptake by regulating the phosphorylation of insulin signaling proteins and GLUT4 expression in both muscle and adipose tissue and by activating AMPK and subsequent increase in GLUT4 expression in muscle. Changes in adipocyte activity and hypertrophy may alter the function of adipokines secreted by this cell leading to changes in basal metabolism and insulin signaling, triggering an increase in appetite and consequent gain in body weight (Peyot et al., 2010) . Evidences have shown that HFD-fed mice have high levels of leptin (Oliveira et al., 2010; Alwahsh et al., 2017) and resistin (Aborehab et al., 2016) and decreased levels of adiponectin, which favor the deregulation in glucose and insulin metabolism (Emiliano et al., 2011 , De Las Heras et al., 2017 . Consistent with these previous studies, we found that plasma levels and adipose tissue expression of adiponectin were decreased in HFD fed mice, while plasma levels and adipose tissue expression of leptin were increased in the same group. For the first time, we demonstrated a direct protective effect of GSE on adipokines, inducing the improvement of the plasma levels of leptin, resistin, and adiponectin and adipose tissue expression of adiponectin and leptin. A recent study (Cho et al., 2014) has demonstrated that an extract obtained from grape marc combined with omija, a fruit used in traditional Chinese alternative medicine as an antidiabetic agent, regulates the levels of adiponectin, leptin, and resistin. The authors suggest that the regulation of those hormones by the extract may be due to its antioxidant activity. This is also a plausible explanation for the improvement of plasma levels and adipose tissue expression of adipokines induced by GSE because the extract decreased the oxidative damage and improved the antioxidant defense, evidenced in the plasma and adipose tissue of HF group.
Obesity and insulin resistance are characterized by hypertrophy of adipocytes and a low degree of chronic inflammation in visceral fat. This inflammation is a result of an increase in the release of proinflammatory factors, including IL-6 and TNF-α of adipocytes and infiltration of macrophages (Wellen and Hotamisligil, 2003) . In addition, the inflammatory process induced by an excess of fat in adipose tissue may be the predisposing factor for the development of insulin resistance in animals fed an HFD (Van Der Heijden et al., 2015) . It has been shown that polyphenols found in grapes have a potent antiinflammatory effect, possibly by decreasing the proinflammatory cytokines and protecting cells from damage (Guo and Ling, 2015) .
In the present study, we observed that HF group showed an increase in the inflammatory markers, TNF-α, and IL-6 in the plasma and in the adipose tissue when compared with the other groups. GSE prevented the inflammation induced by the HFD, showing for the first time an antiinflammatory effect of this extract through the reduction of proinflammatory cytokines in obese mice.
The release of proinflammatory cytokines by accumulated adipose tissue leads to increased generation of reactive oxygen species (Marseglia et al., 2015) . In addition, hyperglycemia not only can directly stimulate the overproduction of reactive oxygen species but also activates several enzymatic cascades in the mitochondria, including the activation of NADPH oxidase and xanthine oxidase and inducing the uncoupling of nitric oxide synthase (Pitocco et al., 2013) . The diet rich in saturated fat may contribute to a greater oxidation of membrane phospholipids, inducing lipid peroxidation, increasing the production of MDA and the consequent oxidation of LDL. These alterations induce vascular changes and atheromatous plaque formation and may be a trigger for cardiovascular diseases (Kaprina et al., 2016) . The antioxidant capacity of GSE has been reported by our group, in an experimental model of metabolic programming in rats (Emiliano et al., 2011) , and this effect may be due to the major constituents of GSE, such as anthocyanins. In contrast, a previous study in obese mice did not show an antioxidant effect of an extract obtained from grape skin (Hogan et al., 2011) . In the present study, GSE prevented the increase in MDA and carbonyl levels in the skeletal muscle and adipose tissue, as well as the reduced antioxidant activity of SOD, CAT, and GPx. These findings suggest an important protection of GSE against inflammation and oxidative stress that may contribute to the improvement of glucose metabolism in obese mice.
In conclusion, the data obtained in this study support our hypothesis that GSE is effective in preventing the obesity induced by HFD. The underlying mechanisms may involve the increase in insulin sensitivity in adipose tissue and skeletal muscle due to the increase in AMPK and GLUT 4 expression in muscle, contributing to the regulation of glucose metabolism. The hypoglycemic and antioxidant effects of GSE may contribute to the regulation of lipid profile and adipokines, by favoring the reduction of the inflammation in adipose tissue and weight gain. These findings suggest that GSE may be an important compound for the treatment of obesity and associated disorders.
